The effect of a prolonged darkness (48 h) with a following re-illumination on the prenyllipid metabolism of chloroplasts is tested in green H ordeum seedlings. Continuous darkness induces thylakoid and prenyllipid breakdown and changes the remaining lipoquinone and carotenoid metabolism of chloroplasts to that of etioplasts. Re-illumination, in turn, reverses the effects of darkness and regenerates the photosynthetic apparatus within 24 hours by a continuous and spe cific synthesis of certain thylakoid prenyllipids.
Introduction
Morphogenesis of green plants is controlled by light, which is effective via the photoconvertible phytomchrome system 1. The active phytochrome Pfr also regulates growth and development of photo synthetic active chloroplasts including the form a tion of their photochemical active thylakoids and prenyllipids 2. Dark grown etiolated Hordeum seed lings contain thylakoid-free etioplasts whose meta bolism is changed to that of chloroplasts within 24 to 30 hours of illumination with white lig h t3. On the other hand, light cultivated green Hordeum Sonderdruckanforderungen an Prof. Dr. H. K. Lichten thaler, Botanisches Institut der Universität, D -7500 K a rls ruhe 1, Kaiserstr. 12.
plants, when brought into continuous darkness, change their carotenoid and lipoquinone metabolism to that of etiolated plants already after a dark period of about 24 hours 4. While chlorophylls and naphthoquinone vitamin K 1 are destroyed succes sively in continuous darkness, there is still an in crease of the plastoquinone-9 (a dimethylbenzoquinone derivative) and /^-carotene level up to 24 hours of darkness. The trimethylbenzoquinone deri vative a-tocopherol and the xanthophylls, the main etioplast carotenoids, in turn, are accumulated up to three days of darkness; their concentration is de creased thereafter by destruction 4.
In the present paper we examine whether the changes in the lipid metabolism of chloroplasts, e. g. immediate destruction of some prenyllipids and in-creased synthesis of others as induced by continuous darkness may be reversed by light. In addition, it is shown that this system of prolonged darkness with following re-illumination represents a model system for the examination of the turnover rate of thylakoids and their prenyllipids.
Methods
Barley seedlings (Hordeum vulgare L. Asse) were cultivated in a growth chamber (24 °C ), 50% relative humidity) in continuous white light (1800 lx, Osram Fluora lamps 55 W) until the age of 6 days (initial value). Thereafter all plants were brought into darkness and kept there for two days and then either re-illuminated for two days or left in darkness for two more days. The lipid analysis was performed with 200 plants each (prim ary leaves + coleoptile). The leaf material was homo genized and extracted at 5 °C with an acetonepetrol ether mixture in an "Ultraturrax-Homogenisator" . Plastid pigments and lipoquinones were separated by thin-layer chromatography. The quan titative estimation was carried out photom etrical ly 3. The total nitrogen content was determined ac cording to the method of Kjeldahl. The results re present mean values of several experiments.
Results
In a previous paper we have shown that six day old green Hordeum seedlings exhibit under exclu sion of light not only the typical morphological signs of etiolement but also a change in the synthesis of their chloroplast prenyllipids4. This change in prenyllipid composition is a result of the fact that the individual thylakoid lipids are synthesized in the dark not at all (chlorophylls, vitamin Kx) or with a different rate to the light (lipophilic benzoquinones, carotenoids).
These form er results are confirmed in this in vestigation. In addition, we have now determined the dry weight of the shoots, their total nitrogen and their total lipid content in continuous darkness. These data also show that two days of darkness are sufficient to induce in the plant catabolic processes. Light reverses these as is shown by the immediate increase of dry weight, of the lipid content and the total nitrogen level (Table I) . Length growth of shoots and roots, which is promoted in darkness, slows down upon re-illumination (Fig. 1) . Further- more, light cancels out the changes in prenyllipid form ation induced by darkness. The synthesis rate in the light compensates and exceeds their destruc tion rate in darkness which results in an increase of the concentration of the m ajor chloroplast prenyl lipids (Fig. 2 ) .
a. Chlorophylls
In continuous darkness chlorophyll a and b are destroyed successively. After two days about 15% are destroyed. The chlorophyll decomposition car ries on in darkness. Upon re-illumination (after two days of darkness) the chlorophyll level in creases and reaches the initial value after 24 hours (Fig. 2 ) . Destruction and new synthesis rate are about equally valid for chlorophyll a and b. Thus, the chlorophyll a/b ratio with 2.9 to 3.1 remains about the same during dark and light period. 
b. Carotenoids
In contrast to the chlorophylls, the synthesis of total carotenoids continues in darkness and leads to a considerable increase of the xanthophyll con tent from the second to the third day of continuous darkness. Only thereafter can a decrease of the total carotenoid level by decomposition be visualized (Fig. 2 ) . /^-Carotene, whose synthesis is strongly promoted by light, is enriched in the dark only up to 24 hours. Its concentration then remains on the same level to that of the second day of darkness and decreases thereafter.
Re-illumination gives an immediate increase in the /5-carotene level by new synthesis (Fig. 3 ) . Lutein, the main xanthophyll component, and violaxanthin are initially enriched in darkness with the same synthesis rate as in the light. The large in crease of the total carotenoid content from the second to third day of darkness which is due to a vast prom otion of lutein and violaxanthin synthesis, is suppressed by re-illumination (Fig. 3 ) . The poolsize of zeaxanthin, which is particularly enriched from the first to the second day of darkness4, de creases in continued darkness and also upon re illumination. In both cases it may get transferred to violaxanthin or to its stereo-isomere lutein. The level of the other xanthophylls, which are present in lower concentrations, are less influenced by the dark-light change.
The different synthesis rate of the single caro tenoids in darkness results in a change of the per centage composition of the carotenoids. The relative portion of /9-carotene, violaxanthin and lutein is diminished within two days of darkness, while the portion of the other carotenoids is increased (Table II) . Re-illumination reverses this process. The results thus show that the carotenoid meta bolism of chloroplasts is changed in continuous darkness successively to that of etioplasts. Upon re-illumination the carotenoid composition of func tioning chloroplasts is reached within one to two days. After re-illumination the portion of zeaxanthin with 0.8% remains significantly beyond the initial value (9% in six day old plan ts). This de crease in the relative zeaxanthin level, however, is dependent on the development stage and is found in the light-grown green control plants, too.
c. Plastid-quinones
Continuous darkness leads in the first 24 hours to a strong increase of the total benzoquinone con tent of chloroplasts. Then its level is decreased con siderably by decomposition. After the second to fourth day of darkness there is again a low net increase of the total benzoquinone concentration (Fig. 2 ) . The individual benzoquinones, which consist of the two lipophilic redox systems plastohydroquinone-9 ( + plastoquinone-9) and a-tocopherol (4-a-tocoquinone) behave, however, in a different way. The level of total plastoquinone-9 is increased only up to 24 hours of darkness and decreases thereafter successively (Fig. 4 ) . The concentration of the oxidized form (plastoquinone-9) decresases immediately in darkness.
Re-illumination results in an increase of total plastoquinone-9 content which is due exclusively to the formation of the oxidized form plastoquinone-9. The level of plastohydroquinone-9, in turn, is de creased in the light in a similar way as in con tinued darkness (Fig. 4 ) .
The level of the trimethyl-, phytyl-l,4-benzoquinone derivative a-tocopherol shows an increase up to 24 hours of darkness and a significant de crease thereafter. Further darkness results in a considerable re-accumulation of a-tocopherol, which paralleles in time the decomposition of chlorophylls and which is similarly found during chloroplast de generation 6 and during development of chromoplasts from chloroplasts 7' 8. The level of its oxidized form a-tocoquinone, however, decreases successively in continuous darkness (Fig. 4 ) . Upon re-illum ina tion the concentration of a-tocopherol decreases continuously in the light. The level of its oxidized form a-tocoquinone, which is present in much lower concentration, however, is raised in the light. In contrast to the benzoquinones the synthesis of the naphthoquinone vitamin Kj is similarly regulated to that of the chlorophylls (Fig. 2) . The K x concen tration decreases continuously in darkness and is raised again upon re-illumination. These light and dark changes in benzoquinone and vitamin K x syn thesis result in the differences in the percentage composition of the lipoquinones as is shown in Table III . The relative portion of a-tocopherol in- Table III creases with continuous darkness from 35 to 55% of total lipoquinone content while that of total plastoquinone-9 is diminished from 60 to 43% after 4 days darkness. Re-illumination reverses this pro cess. After two days light the total plastoquinone-9 content rises up to 72%, while that of a-tocopherol decreases to 24% of total chloroplast lipoquinones. The relative lipoquinone composition in darkness thus resembles that of etioplasts and upon re-illum ination again that of chloroplasts.
d. Prenyl synthesis
Lipoquinones and chlorophylls with their isoprenoid side chains belong, together with the caro tenoids, to the group of isoprenoid plastid lipids (prenyllipids). Phytosterols also belong to this group, but they are present in chloroplasts only in traces. Thus by formation of the sum of carotenoids and prenyl side chains one obtains a rough approxi mation on the extent of total chloroplast prenyl syn- 
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9 lig h t The total prenyl chain content of chloroplasts in creases up to the first day of darkness parallel to the dark form ation of plastohydroquinone-9, a-toco pherol and carotenoids (Table IV ) . There is a small decrease in total prenyl content from the first to the second day of darkness, which is a result of the decomposition of chlorophylls, vitamin Kx , plastoquinone-9, a,tocopherol and a-tocoquinone, and which does not get compensated by the simul taneous accumulation of carotenoids. W ith the strongly increased form ation of carotenoids from the second to the third day of darkness which parallels the re-accumulation of a-tocopherol there is a considerable increase in the total prenyl con tent. The latter decreases thereafter by decomposi tion. Re-illumination, on the other hand, leads as expected, to a continuous augmentation of the pre nyl content, which parallels the light induced re accumulation of chlorophylls, vitamin Kj , plasto quinone-9 and a-tocoquinone. The individual side chains, however, show a different behaviour. The level of the C45-chain declines continuously after the first day of darkness and is increased upon re illumination. The phytyl chain concentration shows after initial augmentation, which parallels the in crease in the a-tocopherol level (first day of dark ness), a m arked decline on the second day, and increases once more to a constant level in further darkness. Re-illumination does not influence total phytyl chain content since the increase in chloro phyll, Kj and a-tocoquinone level is compensated in this respect by the decomposition of a-tocopherol.
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D iscussion
The results of our investigation with a prolonged dark phase followed by re-illumination shows that the total pigment and lipoquinone metabolism of chloroplasts is regulated by light. Darkness, which inhibits the form ation of thylakoids, changes the relative prenyllipid concentrations of chloroplasts to that of etioplasts. The concentration of chloro phylls, vitamin and of the oxidized form of the benzoquinone derivatives (plastoquinone-9, a-toco quinone) decreases immediately in darkness. The destruction of these prenyllipids is strong indication for thylakoid breakdown. The reduced benzoqui none forms a-tocopherol and plastohydroquinone in turn, which are located only to a small extent in thylakoids and get mainly deposited in the osmiophilic plastoglobuli 9> 10, are strongly enriched in the first 24 hours of darkness. This is sim ilar to the natural breakdown of thylakoids. In contrast to natural chloroplast breakdown, where carotenoids get decomposed in a kinetic similar to that of chlorophylls6, they are enriched up to three days of darkness with a predom inant formation of xanthophylls and less /^-carotene. Thus, as seen from the prenyllipid analysis, the chloroplasts of Hordeum seedlings show after two days of darkness all signs of thylakoid breakdown whereby the re maining capacity for prenyllipid synthesis cor responds to that of etioplasts.
Re-illumination of the Hordeum seedlings, which were kept two days in darkness, regenerates the photosynthetic apparatus by new form ation of thylakoids. The accumulation of chlorophylls, vitamin K j , of solely oxidized benzoquinones (plastoquinone-9, a-tocoquinone) and of a higher portion of /5-carotene are indication for active thylakoid form ation. The relative chloroplast lipid concentrations of the darkened seedlings are re converted to that of intact chloroplasts within 24 hours of re-illumination. The kinetic of prenyl lipid form ation upon re-illumination resembles very much that during the first greening of dark grown, etiolated seedlings 3.
The chromanol a-tocopherol, which becomes ac cumulated in continued darkness at high rates, is not synthesized upon re-illumination. From this one may conclude that a-tocopherol has no prim ary function in photosynthetic processes and plays only a role as potential lipid an tio x id an t11 in the pre servation of the photosynthetic biomembrane. The level of plastoquinone-9 (oxidized form ), the ter minal electron acceptor of the photosynthetic light reaction II which also promotes cyclic electron flow 12, in turn is raised considerably upon re illumination. In view of the well established bio synthesis route of isoprenoid benzoquinones8' 16, our observations thus indicate that the common benzoquinone precursor, homogentisic acid, is bound in the light mainly to the C45-chain to form plastoquinone-9, and in darkness predominantly to the phytyl chain to yield a-tocopherol. This light induced preferential synthesis of plastoquinone-9 is always found during active thylakoid form ation and is further enhanced by the phytohormones kinetin 13 and /?-indolacetic-acid (IAA) 14, while darkness and gibberellic acid (GA3) 13 result in a preferential a-tocopherol accumulation.
Vilamin Kj and a-tocoquinone, which are present in chloroplasts in m inor concentration, are ac cumulated upon re-illumination in a sim ilar pat tern as the chlorophylls. This makes their participa tion as electron carriers in photosynthetic reactions very probable, though their exact position in the photosynthetic electron transport chain is not yet known. Vitamin K x which is bound within the chloroplasts to the photosystem I p articles15 is a possible canditate for the unknown endogenous p ro moter of cyclic electron flow.
Between light and darkness there is also a p arti cular difference in the form ation of the individual chloroplast prenyl chains. Though the level of chlorophylls and vitamin K 4 is decreased con tinuously in darkness, there seems to occur phytyl chain form ation in dark as is indicated by the dark accumulation of a-tocopherol, in which the phytyl chain is built in, too Fig. 5 ). Since it can not be ex- eluded that some phytyl chains, which may derive from chlorophyll breakdown, are used for a-toco pherol form ation, the synthesis rate of the phytyl chain in darkness appears to be, however, much lower than in the light. The synthesis of the C45-prenyl chain (solanesyl-chain of plastoquinone-9) apparently ceases after 24 hours of darkness. The formation of geranyl-geranyl-pyrophosphate, as common precursor of all chloroplast prenyl chains, and its dimerisation to the tetraterpenoid chain of carotenoids continues, however, in the dark. Re illumination in turn gives more phytyl chains (chlorophylls, vitamin K J , induces again the for mation of the solanesyl chain (plastoquinone-9) and reduces the rate of carotenoid formation. It has also been shown in some other cases that enhanced chlorophyll synthesis is accompanied by a decrease in the accumulation rate of carotenoids 13.
The results of this investigation show that all chloroplast prenyllipids tested here undergo de struction. Thus the chloroplasts must possess the various enzymes for breakdown and metabolisation of such different prenyllipids as naphtho-and benzoquinones as well as chlorophylls and carotenoids. The destruction of these chloroplast lipids is, how ever, only visualized in a prolonged dark phase, when the light induced new form ation of chloro plast prenyllipids is cancelled out. We thus con clude from our results with the prolonged dark phase that turnover of thylakoid prenyllipids and possibly all other thylakoid components must exist in chloroplasts of young and adult leaves.
From the decrease rate of the prenyllipids in con tinuous darkness one can calculate in a rough ap proximation their turnover rate. For the chloro phylls a und b one obtains a turnover rate of about 8% per day which corresponds to a biological half life time t */2 of six days. It is of interest in this respect that the turnover rate for chlorophylls of other plants, as estimated from isotopic studies, were found in the range of 5 to maximal 10% per d a y 17. Vitamin K 4 seems to have a much higher turnover rate of about 13% per day (r 2 = 4 d ay s). Its rate of re-accumulation upon re-illumination of the darkened seedlings is also faster than that of chlorophylls. For the oxidized benzoquinone forms plastoquinone-9 and a-tocoquinone, which are m ain ly localized in the thylakoids, the calculation yields turnover rates of about 20% per day ( t 1/2 = 2.5 days). The reduced benzoquinone forms (a-toco pherol and plastohydroquinone-9), which are pre ferentially deposited in the osmiophilic plastoglobuli of the chloroplast stroma 9, seem to have lower turnover rates than their oxidized forms. Since both reduced benzoquinone derivatives exhibit an initial fast destruction, which then slows down, one can calculate two turnover rates. These are for plastohydroquinone-9, 7 or 13% per day ( r 1/2 = 7 or 4 days) and for a-tocopherol 8.5 or 13% per day (r 1/2 = 6 or 4 d ay s). Since carotenoids are ac cumulated even in darkness and in the light it is not possible from our results to estimate their destruc tion rate.
In any case, this rough approximation shows that the different thylakoid prenyllipids exhibit in dividual half life time (r 1/-2) which amount to six days or less, and which may be similar for other
